During chemical studies on uncharacterized black tea polyphenols, the enzymatic oxidation of a mixture of epigallocatechin-3-O-gallate (1) and epicatechin-3-O-gallate (2) was examined, and three new dimeric products together with six known catechin dimers were isolated. Two of the new compounds have tricyclo[5.2.2.0 2,6 ]undecane and tricyclo[5.2.1.0 2,6 ]decane carboxyl structures generated by oxidative coupling between two pyrogallol-B-rings of 1. Another new product was a dimer connected by a C-C bond between the B-ring of 1 and a galloyl group of 2.
Black tea is produced by crushing and kneading fresh tea leaves. During this process, tea catechins are mixed with endogenous enzymes and oxygen from the air, which initiate catechin oxidation reactions [1] . The reaction products include the well-known theaflavins [2] and theasinensins [3] , which are "artificial natural compounds" only found in black tea and related tea products. Theaflavins are reddish-yellow pigments produced by condensation between catechol-and pyrogallol-type catechins [4] . Theasinensins are colorless dimers generated by oxidative coupling between two pyrogallol-type catechins [5] . Besides these typical catechin dimers, black tea contains many other oxidation products including polymeric substances, which are still mostly uncharacterized [6] . Thearubigins are chemically undefined black tea pigments first designated in the 1960s [1b] . Previous chemical studies have suggested that thearubigins are polymeric catechin oxidation products [7] . We aim to elucidate the oxidation and polymerization mechanisms involving tea catechins during black tea production with the final goal of our research being the chemical characterization of thearubigins. In the present study, the enzymatic oxidation of a mixture of two major tea catechins, (-)epigallocatechin-3-O-gallate (1) and (-)-epicatechin-3-O-gallate (2) was examined. We used Japanese pear homogenate as the enzyme source, because our previous studies indicated that the homogenate showed strong oxidation activity and the products were similar to those obtained with tea leaf enzymes [4, 5] . In addition, the homogenate shows no background peaks on HPLC analysis and the reaction can be easily applied to large-scale experiments.
A 5:1 mixture of 1 and 2 was vigorously stirred with Japanese pear homogenate and the reaction was terminated by heating at 80°C. The proportion of the substrates was based on the concentration in the tea leaf and the termination of the reaction by heating mimics black tea preparation. The products were extracted by aqueous acetone and separated by a combination of column chromatography using Sephadex LH-20, Diaion HP20SS, Chromatorex ODS, and Toyopearl HW40F columns. The known compounds obtained in this experiment were theaflavin-3, 3'-di-O-gallate, theasinensins A, D, and F [3b], galloyl oolongtheanin [8] , and EGCg dimer A (3) [9] , which were identified by NMR spectroscopic comparisons ( Figure  1 ).
The new compound 4 showed the [M+H] + at 889.1849 (Calcd for C 43 H 37 O 21 : 899.1841), indicating the molecular formula C 43 H 36 O 21 , which was 2 mass units greater than that of 3. The 1 H and 13 C NMR spectra ( Table 1) were also related to those of 3 and signals arising from two sets of 2,3-cis-flavan A and C rings with 3-O-galloyl groups showed that 4 is a B, B-linked catechin dimer. The moiety originating from catechin B-rings was composed of three carbonyl (δ 211. 8, 205.8, 203.6) , three quaternary carbons (δ 92.6, 48.5, 40.1), two methines (δ 75.1, 50.7), and three methylenes (δ 41.4, 45.2, 39.3). These spectroscopic features were similar to those of 3, except for the absence of a double bond (δ 156.6, 126.5) [9] . Comparison of the NMR signals with those of 3 and the HMBC correlations ( Figure 2 ) of methylene protons H-2'' (δ 2.90, and 3.29) and H-6'' (δ 3.10, and 3.46) with carbonyl carbons C-3'' (δ 205.8) and C-5'' (δ 203.6) and a quaternary carbon C-1'' (δ 40.1) confirmed the presence of a cyclohexan-1,3-dione residue. The C-1'' was shown to be connected to a flavan C ring C-2 by the appearance of a cross peak with H-2 (δ 4.50). In addition, the H-2 was also correlated with a methine C-8'' (δ 50.7) and the H-8'' (δ 3.74) showed cross peaks with C-1'', C-2'' (δ 45.2), C-9'' (δ 75.1), and another C-ring C-2' (δ 79.6). The remaining methylene proton H-11'' (δ 2.74, and 2.28) showed HMBC correlations with the carbonyl carbon C-10'' (δ 211.8), a quaternary carbon C-7'' (δ 48.5), C-9'', and C-ring C-2'. These HMBC correlations and the chemical shift of C-10'', together with the appearance of an IR absorption at 1751 cm -1 , indicated that a cyclopentanone moiety was attached to C-ring C-2'. Furthermore, there was an HMBC correlation of the C-7'' with a hydroxyl proton signal at δ 4.97. Taking the structural similarity to 3 into account, this observation suggested a connection between C-7'' and C-4'' (δ 92.6). Thus, the skeleton of the B-ring moiety was shown to be the same as that of 3 and the difference in the structure was the presence of an α-hydroxy carbonyl moiety in 4 instead of a conjugated enol carbonyl moiety of 3. Stereochemistry was determined by a combination of NOESY correlations and W-letter long-range couplings observed in the 1 H-1 H COSY spectrum shown in Figure 3 : W-letter couplings between H-2b'' and H-6b'' and between H-6a'' and H-8'' and NOE between H-2b'' and H-8'' indicated the configuration at C-8''. The configuration of C-9'' was deduced from the NOESY correlation between H-9'' and H-6b'' and the large coupling constant with H-8'' (7.8 Hz) . The absolute configuration was concluded to be that shown in Figure 1 because this product was apparently produced from 1 and NOEs between H-8'' and the C-3' galloyl group and between H-2a'' and the C-3 galloyl group. Based on these spectroscopic observations, the structure of 4 was determined as shown in Figure 1 and named EGCg dimer B. indicating that this product is also a dimer of 1 produced by oxidative coupling between two B-rings. A distinct difference is the appearance of a carboxyl signal at δ 173.2 (C-6'') and investigation of the HMBC correlation ( Figure 2) showed that the carboxyl carbon was attached to a methine C-5'' (δ 44.5) and the methine proton (δ 4.03) was correlated to C-1'' (δ 39.9), C-7'' (δ 40.7), and C-ring C-2 (δ 82.3), in addition to C-6''. These correlations indicated that 5 has a structure produced by rearrangement at the cyclohexan-1,3-dione moiety of 4. The appearance of W-letter long-range coupling between H-2b'' and H-5'' indicated equatorial orientation of H-5'' (Figure 3) . Furthermore, H-5'' showed NOE correlations with H-2, H-2', and H-8'', thus confirming the configuration of C-8''. The configuration of H-9'' was shown to be the same as that of 4 by observation of a NOE between H-9'' and H-2b''. NOEs of H-2'' methylene protons and the H-5'' methine proton with galloyl groups confirmed the absolute configuration. Thus, the structure of 5 was determined as shown in Figure 1 and named EGCg dimer C. A plausible production mechanism for 3, 4, and 5 from 1 has been proposed in Scheme 1, in which the coupling of 1 with its B-ring quinone 1a and subsequent decarboxylation generated the characteristic skeleton. In the HMBC spectrum of 6 (Figure 4) , the singlet signal at δ 6.76 (B-ring H-6) showed correlations with a pyrogallol ring carbon and C-ring C-2 (δ 76.2). The other singlet at δ 7.06 (G'-ring H-6) was correlated with a carboxyl carbon at δ 165.7, together with another pyrogallol ring carbon. Furthermore, a 4 J correlation was observed between the proton signal B-ring H-6 (δ 6.76) and G'-2 carbon (δ 116.3), indicating that the galloyl group of 2 was attached to the B-ring C-2 of 1 through a C-C bond. The atropisomerism of the biphenyl bond was not determined. The production of compound 6 indicated the formation of a C-C bond between the galloyl and pyrogallol B-rings during the enzymatic oxidation of tea catechins. The major products of in vitro enzymatic catechin oxidation, such as theaflavins, theasinensins, and oolongtheanins, are all dimers produced by coupling between two B-rings. However, there is no evidence for the contribution of the dimers to further polymerization reactions, because the dimeric products are less susceptible to enzymatic oxidation compared with the initial tea catechins [10] . However, the absence of pyrogallol-type B-ring carbon signals in the 13 C NMR spectrum of black tea polymeric polyphenols, which are the major phenolic constituents of black tea infusion, indicates that oxidation of the pyrogallol-type B-ring is responsible for the formation of the polymers [7] . Thus, the isolation of compound 6, produced by coupling between a pyrogallol-type B-ring and a galloyl group, is important for understanding the polymerization mechanism [10] . The pyrogallol-type B-ring is susceptible to oxidation because of its low redox potential. In contrast, galloyl esters are less reactive because of their lower electron density compared with the catechin B-rings [11] . Coupling between these different types of pyrogallol rings may partly contribute to black tea polyphenols. In addition, dimers 4 and 5 with chemically interesting structures indicate the complexity of oxidative coupling of catechin B-rings. Further study on polymerization products produced in this experiment is now in progress.
Experimental
General experimental procedures: UV spectra were recorded using a Jasco V-560 UV/Vis spectrophotometer and optical rotations were measured using a Jasco P-1020 digital polarimeter (Jasco Co., Tokyo, Japan). 1 H NMR, 13 C NMR, 1 H-1 H COSY, HSQC, and HMBC spectra were measured on a Varian UNITY plus 500 NMR spectrometer (Varian, Palo Alto, CA, USA). FABMS experiments were conducted on a JEOL JMS-700N spectrometer (JEOL Ltd, Tokyo Japan), using glycerol as the matrix. Elemental analyses were conducted on a PerkinElmer 2400 II analyzer (PerkinElmer Inc., Waltham, MA, USA). Column chromatography was performed using Diaion HP20SS (Mitsubishi Chemical Co., Tokyo, Japan), Sephadex LH-20 (25-100 μm; GE Healthcare Bio-Science AB, Uppsala, Sweden), Toyopearl HW40F (TOSOH, Tokyo, Japan), and Chromatorex ODS (100-200 mesh; Fuji Silysia Chemical Ltd., Tokyo, Japan) columns. TLC analysis was performed on precoated Kieselgel 60 F 254 plates (0.2 mm thick; Merck, Darmstadt, Germany), using a 1:7:1 (v/v/v) mixture of toluene/ethyl formate/formic acid as the solvent system, and the compounds were visualized by spraying the plate with 2% ethanolic FeCl 3 solution. Analytical HPLC was performed on a Cosmosil 5C 18 -ARII column (250 × 4.6 mm i.d., 5 μm; Nacalai Tesque, Kyoto, Japan) with gradient elution from 4 to 30% CH 3 CN in 50 mM H 3 PO 4 over 39 min, followed by 30 to 75% CH 3 CN in 50 mM H 3 PO 4 over 15 min at a flow rate 0.8 mL/min. The column temperature was set at 35°C, and the eluted compounds were detected with a Jasco MD-2010 photodiode array detector. Tea catechins 1 and 2 were isolated from green tea and purified by crystallization from water [3a] .
Oxidation of catechins and separation of products:
Fresh Japanese pears (5 kg) were homogenized with water (2 L) and filtered through 4 layers of gauze. A solution of 1 (50 g) and 2 (10 g) in water (500 mL) was mixed with the homogenate then vigorously stirred with a propeller-type aerator at room temperature for 8 h. The reaction mixture was heated to 80°C for a few minutes. After cooling, acetone (10 L) was added and the resulting precipitates were filtered off. The filtrate was concentrated and the resulting aqueous solution (1 L) was applied to a Sephadex LH-20 column (8 cm × 35 cm) with water. Further elution of the column with H 2 O containing increasing proportions of MeOH (0-100%, 10% stepwise gradient each 1 L) and finally 60% acetone produced 8 fractions. Fr. 4 (26.2 g), separated by Diaion HP20SS column chromatography (H 2 O-MeOH), gave 1 (4.8 g) and 2 (1.3 g) and 3 sub-fractions. Chromatography of Fr. 4-2 over Chromatorex ODS (H 2 O-MeOH) and Toyopearl HW40F (H 2 O-MeOH) produced 3
